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INTRODUCTION 66
A rise in core temperature reportedly leads to increased minute ventilation ( ) 67 5 lines, we previously found that during prolonged moderate exercise in the heat, continuous 90 restoration of P a CO 2 to eucapnia increased ventilatory sensitivity (24). However, it remains to 91 be seen whether this is also true during passive heating at rest, as the characteristics of 92 hyperthermic hyperventilation differ depending on whether one is resting or exercising (17, 44) . 93
Previous reports using passive heating at rest showed that acute restoration of end-tidal CO 2 94 partial pressure (P ETCO2 , an index of P a CO 2 ) to normothermic levels did not change at 95 moderate hyperthermia (core temperature of ~37.6-38.0°C) (16), but it did increase at 96 severe hyperthermia (38.8°C) (31). The latter result lends support to the possibility that 97 continuous maintenance of P a CO 2 at eucapnia augments ventilatory sensitivity at rest. It should 98 be emphasized that to precisely evaluate the influence of hypocapnia on the ventilatory 99 sensitivity to rising core temperature, hypocapnia should be prevented throughout the entire8 the point when P ETCO2 fell below baseline due to hyperthermic hyperventilation. We monitored 161 P ETCO2 on a real-time basis and manually added 100% CO 2 to the inhaled air. The fraction of 162 inspired CO 2 was <3.5%. The flow rate of the added CO 2 differed depending on the subject's 163 breathing pattern as well as the levels of and the metabolic rate. In a preliminary 164 experiment, 4 participants voluntarily hyperventilated such that increased to ~20, 30 and 165 40 l·min 1 (breathing frequency (f B ) of ~20, 25 and 30 breaths·min 1 , respectively) with CO 2 166 supplementation to prevent hypocapnia under normothermic conditions. This experiment 167 enabled us to roughly estimate how much CO 2 we needed to add to the inspired air to prevent 168 hypocapnia during passive heating during the CO 2 trial. When T es reached 39.0°C or the 169 subject could no longer tolerate the heating, the experiment was terminated. 170
171

Measurements 172
Skin temperatures and T es were measured using copper-constantan thermocouples, 173 recorded on a computer (ThinkPad A21p, IBM, Japan) at 1-s intervals via a data logger system 174 (WE7000, Yokogawa, Japan), and averaged over 30-s intervals. Mean skin temperature (T _ sk ) 175 was calculated from seven skin temperatures weighted to the following regional proportions: 176 7% forehead, 14% forearm, 5% hand, 7% foot, 13% lower leg, 19% thigh and 35% chest (23) . 177
HR was recorded every 5 s using a heart rate monitor (Vantage NV, Polar, Finland) and 178 averaged over 30-s intervals. Blood pressure was measured from the upper right arm every 1 179 min using an automated sphygmomanometer (STBP-780, Nippon Colin, Japan). Mean arterial 180 pressure (MAP) was calculated as the diastolic pressure plus one-third of the pulse pressure. 181
Inspired and expired gases were analyzed using a metabolic cart (AE310s, Minato Medical 182 Science, Japan), and , tidal volume (V T ) 
Statistical Analysis 216
Two-factor repeated-measures ANOVA was used to analyze the time-dependent data 217 using trial (Control and CO 2 ) and heating duration (pre, 5, 10, 15, 20, 25 min and end of 218 heating) as factors. Two-factor repeated-measures ANOVA was also employed to analyze the 219 core temperature-dependent data using trial (Control and CO 2 ) and T es level (36.8, 37.2, 37.6, 220 38.0, 38.4 and 38.8°C) as factors. When a main effect was detected, post hoc multiple 221 comparisons were performed to identify pairwise differences using paired t-tests with the 222 Bonferroni correction. Paired t-tests were also used for between-trial comparisons of the 223 thresholds and sensitivities of ventilatory parameters to rising T es . When the test of normality 224 (Shapiro-Wilk test) failed, the Wilcoxon signed-rank test was used to assess differences 225 between trials. All data are reported as means  SD. Values of P < 0.05 were considered 226 significant. All statistical analyses were performed using a commercially available statistics 227 package (version 21.0, SPSS Inc., USA). 228
229
RESULTS
230
Heating duration and body weight loss 231
Heating duration did not differ between the trials (Control vs. CO 2 , 32.9  6.4 vs. 33.8  232 
Time-dependent changes 236
Body temperature and thermoregulatory responses 237
Time-dependent changes in body temperature and thermoregulatory variables are shown 238
in Table 1 and Fig. 1A . There were main effects of trial on T es (P < 0.01) and of heating 239 duration on T es and T _ sk (both P < 0.01). Over the course of the hot water immersion, T es 240 gradually increased, and the temperatures at the end of heating were similar in the Control and 241 CO 2 trials (38.9  0.3 vs. 39.0  0.3°C, P = 0.12). Although T es at 5-25 min was higher in the 242 explains 36.6% of the total decrease in MCAV occurring in the Control trial. The changes in 257 CVC were similar to those observed with MCAV, and CVC was higher in the CO 2 than 258
Control trial at the end of heating (P = 0.014, Table 1 ). 259
Ventilatory responses 260
Time-dependent changes in respiratory variables are shown in Table 2 Table 4 . In 4 of 12 subjects, the sensitivity of to rising T es was higher in the CO 2 than the 282
Control trial. The sensitivities of V T and f B to rising T es were higher in the CO 2 than the Control 283 trial in 3 of 8 subjects and in 3 out of 11 subjects, respectively. There were no between-trial 284 differences in the sensitivities of , V T and f B to rising T es (P = 0.31, 0.11 and 0.86, 285 respectively). Although there was a two-fold between-trial difference in the mean value of the 286 sensitivity of , this difference largely disappeared when 2 outliers were excluded (subjects 287 #4 and #9), resulting in similar mean values in the two trials (Control vs. CO 2 trial: 19.6 ± 14.8 288 vs. 17.6 ± 11.9 l·min 1 ·°C 1 , respectively). 289
Ventilatory and cerebrovascular responses were compared between trials at various T es 290 (Figs. 3 and 4). There were main effects of T es on , V T , P ETCO2 and MCAV (all P < 0.01). 291
The increase in and the respiratory pattern, as evaluated based on V T and f B , were similar 292 in the Control and CO 2 trials (P = 0.28, 0.74 and 0.18 for a main effect of trial, respectively, 293 Fig. 3 ). In the Control trial, P ETCO2 was lower at T es = 38.8°C than 36.8°C, but it remained 294 unchanged in the CO 2 trial. A main effect of trial on P ETCO2 was detected. At T es = 37.6-38.8°C, 295 P ETCO2 was higher in the CO 2 than Control trial (all P < 0.01, Fig. 4A ). There was no main 296 effect of trial on MCAV (P = 0.30). In both trials, MCAV was lower at T es = 37.2-38.8°C than 297 36.8°C (Fig. 4B ). In the CO 2 trial, restoration of the P ETCO2 restored 37.6%, 39.8% and 39.3% 298 of the heating-induced decrease in MCAV in the Control trial at T es = 38.0, 38.4 and 38.8°C, 299 respectively. 300 301 DISCUSSION 302
Our main findings are that during passive heating at rest, 1) the sensitivity of to 303 rising T es did not differ between the Control and CO 2 trials; 2) the decrease in MCAV occurred 304 Contrary to our hypothesis, the sensitivity of to rising T es was not greater in the CO 2 313 trial than the Control trial ( Fig. 2 and Table 4 ). Only 4 of 12 subjects showed a higher 314 sensitivity in the CO 2 trial; the others showed somewhat lower sensitivity in the CO 2 than 315 Control trial. Similarly, at similar T es levels did not differ between the trials (Fig. 3A) . 316
These results suggest that for subjects in a hyperthermic resting state, hypocapnia does not 317 suppress ventilatory sensitivity to rising core temperature. By contrast, we previously reported 318 that, during prolonged moderate-intensity exercise in the heat, restoration of P a CO 2 to the 319 eucapnic level led to a doubling of ventilatory sensitivity as compared to the sensitivity when 320
PaCO 2 was decreased secondary to hyperthermic hyperventilation (19.8 vs. 8.9 l·min 1 ·°C 1 ) 321 (24). We therefore suggest that hypocapnia diminishes ventilatory sensitivity during exercise 322 but not at rest. Furthermore, the fact that hypocapnia attenuates hyperthermic hyperventilation 323 only during exercise likely contributes to the approximately three-times smaller ventilatory 324 sensitivity to rising core temperature observed during exercise in the heat as compared to 325 resting (17, 44) . 326
The lack of change in ventilatory sensitivity upon P a CO 2 restoration may be due to the 327 location of the P a CO 2 threshold for increases in . The threshold exists at a normal P a CO 2 328 level at rest (4, 14), and remains unchanged when P a CO 2 decreases below the threshold. 329
This P a CO 2 threshold is also reportedly unaffected by a 1.5°C elevation in core temperature at 330 rest (4, 6). Because hyperthermic hyperventilation during passive heating decreases P a CO 2 331 below normal level, it is plausible that these changes in P a CO 2 are below the threshold for 332 increases in and so did not affect hyperthermic hyperventilation at rest. On the other hand, 333 although the P a CO 2 threshold for increases in is reportedly similar during rest and 334 exercise (11, 13), as mentioned, we previously found that increased with restoration of 335 P a CO 2 to the eucapnic level during exercise in the heat (24). This implies that exercise in 336 combination with hyperthermia shifts the P a CO 2 threshold to lower P a CO 2 levels than that at 337 rest. 338
We previously observed that acute restoration of P ETCO2 to eucapnia does not influence 339 at T es = 37.6 or 38.0°C (16). However, similar restoration increased at a higher T es 340 (i.e., 38.7 °C) (3). In addition, restoration of normocapnia reportedly decreased at a rectal 341 temperature of 39.1°C (39), though the level of hyperthermia should be regarded with caution, 342 as rectal temperature responds more slowly than T es (42). The reason for these disparate results 343 remains unclear. Because we detected no effect of hypocapnia on , irrespective of core 344 temperature in the present study (Fig. 4A) , different core temperatures would not explain the 345 lack of consistency between studies. Other differences such as posture (upright (16, 39) versus 346 supine (3)) might be involved, but that remains to be determined. 347
348
Effect of hypocapnia on the cerebrovascular response to rising core temperature 349
With rising T es in the present study, MCAV in the Control trial decreased to levels below 350 stress is unclear. Because there was no decrease in MAP throughout the heating in the present 377 study, the possibility of decreased cerebral perfusion pressure is excluded. On the other hand, 378 blood distribution to the internal carotid artery, from which the MCA branches, reportedly 379 decreases, possibly due to an increase in blood distribution to the external carotid artery, which 380 supplies blood to the cutaneous vessels of the head for thermoregulation (35). Furthermore, 381 blood flow in the internal carotid artery gradually decreases with rising T es (35). Thus, 382 modification of the blood distribution in the brain during passive heating may explain the 383 hypocapnia-independent reduction in MCAV. In addition, cerebral vessels are innervated by 384 nerve fibers that originate from peripheral (extrinsic) nerve ganglia and intrinsic nerves (22). In 385 humans, stellate ganglion blockade increases cerebral blood flow (26, 46), suggesting 386 regulation of cerebral blood flow is associated with sympathetic nerve activity. Given that 387 hyperthermia increases skin and muscle sympathetic nerve activities (28), cerebral 388 vasoconstriction during hyperthermia may be due in part to sympathetic vasoconstriction, as 389 previously speculated by Brothers et al. (9) . 390 391
Effect of hypocapnia on other variables 392
In our earlier study, which employed the same heating protocol (19), we showed that 393 greater hyperthermic hyperventilation correlates with lower MAP. This implies that 394 hyperthermic hyperventilation may lower MAP during passive heating at rest. In the present 395 study, however, MAP did not differ between the Control and CO 2 trials ( forearm cutaneous blood flow when T es increased by 0.6°C but not 1.0°C. Since hyperthermic 405 hyperventilation and resultant hypocapnia during passive heating occurred with increases in T es 406 of ~1.01.5°C, as shown in that study, it is plausible that the greater elevation in core 407 temperature masked the hypocapnia-induced suppression of cutaneous blood flow. Whether the 408 same explanation applies to the sweat response remains to be investigated. 409 in cerebral blood flow seen during passive heating at rest. Based on this observation, we 424 speculate that restoration of normocapnia by inhaling CO 2 gas is not sufficient to fully restore 425 cerebral perfusion during passive heating at rest, and a hypercapnic state (i.e., increase in 426 arterial CO 2 pressure above normocapnic level) or other countermeasures, such as whole-body 427 skin cooling (30), may be required to prevent cerebral hypoperfusion. Furthermore, we found 428 that inhaling CO 2 gas to prevent hypocapnia during passive hyperthermia does not induce 429 additional hyperventilation or dyspnea, as evaluated based on difficulty of breathing. This is in 430 stark contrast to what was observed during exercise in the heat, wherein preventing hypocapnia 431 by inhaling CO 2 gas increased ventilation (24). Therefore, although inhaling CO 2 gas can 432 reverse cerebral hypoperfusion, irrespective of whether the subjects are resting or exercising, 433 this maneuver can distress the respiratory system during exercise. This is important 434 information to know when employing CO 2 gas inhalation as a strategy to mitigate cerebral 435 hypoperfusion during heat stress. 436
437
Conclusion 438
In summary, our results suggest that the ventilatory sensitivity to rising core temperature 439 is not suppressed by hypocapnia, and that hyperthermia decrease cerebral blood flow largely 440 independently of the hypocapnia during passive heating at rest. 
